The importance of wood for human societies can hardly be understated. If dry wood were amenable to molecular genetic investigations, this could lead to major applications in wood forensics, certification, archaeology and palaeobotany. To evaluate the potential of wood for molecular genetic investigations, we have attempted to isolate and amplify, by PCR, DNA fragments of increasing size corresponding to all three plant genomes from different regions of 10 oak logs. Stringent procedures to avoid contamination with external DNA were used in order to demonstrate the authenticity of the fragments amplified. This authenticity was further confirmed by demonstrating genetic uniformity within each log using both nuclear and chloroplast microsatellites. For most wood samples DNA was degraded, and the sequences that gave the best results were those of small size and present in high copy number (chloroplast, mitochondrial, or repeated nuclear sequences). Both storage conditions and storage duration play a role in DNA conservation. Overall, this work demonstrates that molecular markers from all three plant genomes can be used for genetic analysis on dry oak wood, but outlines some limitations and the need for further evaluation of the potential of wood for DNA analysis.
INTRODUCTION
Despite continuous deforestation during the past millennia, an estimated 27% of the terrestrial surface of the Earth is still covered by forests, representing some 380 billion m 3 of wood (FAO World Resources 2000 -2001 . Wood remains are by far the most abundant biomass available for human activities, even if the claim that the highest percentage of the Earth's biomass must lie in the wood of plants has been challenged (Gold 1992) .
In humans and animals (Hardy et al. 1995; Bailey et al. 1996; Hagelberg 1997; Krings et al. 1997) , remains such as bones have been shown to provide an appropriate source of DNA for forensics and for a range of evolutionary studies, but the retrieval of DNA from the much more abundant wood of forest trees has never been studied extensively. The presence in wood of substances that strongly inhibit PCR (Lee & Cooper 1995) and the general problems of contamination encountered when attempting to amplify degraded DNA from dead tissues (Kwok & Higuchi 1989) have been barriers to these applications. Studies involving the isolation and amplification of DNA from fresh wood are still rare (De Filippis & Magel 1998; White et al. 2000) . In the case of dry wood, the only report, to our knowledge, is the joint demonstration by two groups that chloroplast DNA can be successfully recovered from dry oak wood using PCR (Dumolin-Lapègue et al. 1999) . This prompted us to test more systematically the potential of dry oak wood as a source of DNA.
The feasibility of genetic analysis on dry wood could have major applications in wood ecocertification, foren-sics, archaeology and palaeobotany. Timber identification (of tree species or of geographical origin) is a technical prerequisite for monitoring and controlling wood trade or to control the chain of custody in the context of certification.
Species identification based on wood anatomy is difficult and sometimes impossible in the case of taxonomically related species that have similar wood structure. Chemical composition of trees, which depends on the tree's environment but also part of its genotype, can sometimes allow us to check the conformity with its inferred taxonomic identification or place of origin (Marco et al. 1994; Medina & Vivas 2000) , but the high level of individual variability makes assignment difficult. If techniques were available, molecular markers could be used, alone or more probably in a complementary manner with already existing methods. Taxonomic identification will necessitate databases of nuclear or cytoplasmic markers discriminating the species of interest (Chen & De Filippis 1996) . Controlling the geographical origin of wood will require DNA markers showing enough geographical structure as well as careful genetic description of the stands, forests or regions where the wood may have been harvested, in the form of detailed reference maps. Maternally inherited DNA markers may be particularly suited for testing conformity with geographical origin, because they are known to be highly structured in comparison with biparentally inherited nuclear markers . Other highly variable markers such as nuclear microsatellites could permit individual tree genotyping and may have applications in forest crime prosecutions or protection of valuable works of art or antiques. Other applications of a more academic nature could be imagined in archaeology, palaeobotany or phylogeography, as molecular markers could be developed to assist in the taxonomic identification of fossil remains, or to compare the patterns of past diversity with present-day patterns. This may help us understand the origin of our modern forests and evaluate past modifications in their genetic structure. Clearly, the possibility of applying modern DNA techniques to dry wood would be of considerable interest in many fields. However, a simple evaluation of basic information on wood anatomy, structure and biochemistry makes it clear that the adaptation of DNA extraction procedures to dry wood by the usual laboratory methods used for fresh leaves, buds or other living organs will not be straightforward. In living trees, cambium and to a lesser extent sapwood should yield suitable DNA. Difficulties may then be expected, as it is suspected that once a tree is cut, the quantity and quality of DNA that can be retrieved will quickly diminish and DNA is likely to be degraded into smaller fragments (Bär et al. 1988; Lindhal 1993; Cano 1996) .
To evaluate the potential of wood for molecular genetic investigations and the accessibility to all three genomes for the different purposes mentioned above, several logs of French oaks were analysed and DNA was isolated from various parts of the trunk. Amplification of fragments of increasing sizes from the three genomes (nuclear, mitochondrial and plastid) was carried out to compare the effect of copy number and of amplicon size on the efficiency of the PCR. Stringent precautions were taken throughout to guarantee the authenticity of the amplified fragments.
MATERIAL AND METHODS

(a) Samples
Ten logs of sessile oak (Quercus petraea (Matt.) Liebl.) were obtained from different regions in France (see table 1). Three logs (numbers 1 to 3) coming from Sarthe (centre of France) were analysed respectively one, three and five weeks after felling. Four logs (numbers 4 to 7) coming from northeast France were analysed six months after felling. Log number 8 originated from southwest France and had been stored for 3 years after felling. Finally, logs 9 and 10 came from southeast France and were analysed 11 years after felling. Logs 1, 2, 3, 8, 9 and 10 were conserved indoors, in a dry room, while log numbers 4 to 7 came Proc. R. Soc. Lond. B (2002) from trees that had remained six months outdoors after felling. All analyses were performed on one-quarter of each log using internal tissues that had not been directly in contact with the air.
(b) DNA isolation
Initial tests demonstrated the frequency of contamination with external DNA. As a consequence, all DNA isolation and PCR experiments were subsequently carried out under sterile conditions in separate dedicated rooms. High-pressure systems, filtering of incoming air, UV light irradiation, laminar flow hood, bleach cleaning of every surface, and specific precautions during manipulations were used to avoid contamination with other plant DNA. Surface tissues of wood fragments were washed with diluted bleach and removed. About 200 mg of wood shavings was obtained with a scalpel from each log region, ground into a fine powder using a Retsch-mill apparatus (Fischer-Bioblock) and then used for genomic DNA isolation with the DNeasy Plant minikit (Qiagen). During each isolation manipulation, four samples coming from different logs were analysed simultaneously in order to detect possible cross-contamination. Two negative controls per isolation were used. They were treated in the same way as the normal samples except that no sample sawdust was added.
(c) DNA amplification by PCR Twelve primer pairs specific to the plastid, mitochondrial and nuclear genomes were tested on all DNA samples isolated from wood (see table 2). Each amplification was performed on four samples as well as on two negative DNA isolation controls and on four negative PCR controls (PCR mixture without addition of target DNA). For chloroplast DNA, the seven pairs of primers were all located in the intergenic spacer between trnD and trnT (DT) (Demesure et al. 1995) . One of these primer pairs had already been tested on wood DNA in a previous study (Dumolin-Lapègue et al. 1999) and six new primer pairs were designed to amplify fragments of increasing size, ranging from 87 to 1483 bp. The shortest fragment spans a polymorphic mononucleotide (A/T) repeat (chloroplast microsatellite). Three pairs of primers were used to amplify nuclear fragments: ssrQrZAG20 (80 bp) and ssrQrZAG119 (178 bp) correspond to two microsatellites (Kampfer et al. 1998; Steinkellner et al. 1997 ) and 5S to the 5S ribosomal DNA (230 bp) (Szymanski et al. 1999) . Two pairs of primers, cox2-1/2 and nad4-3/4, were used to amplify mitochondrial fragments of 378 and 2430 bp (Demesure et al. 1995) . All chloroplast DNA primer pairs used in this study were designed using oak sequences as a reference; however, one of them (D7T7) turned out to be relatively conserved, allowing amplification of many dicotyledonous tree species (M.-F. Deguilloux, unpublished data). Conversely, the primers used to amplify the 5S nuclear ribosomal gene and the two mitochondrial introns cox2-1/2 and nad4-3/4 are highly conserved (Demesure et al. 1995) . The 5S fragment was amplified according to Szymanski et al. (1999) on 2.5 µl of pure DNA extract. All other amplifications were performed according to Demesure et al. (1995) . Amplifications were performed with 50 cycles except for chloroplast and nuclear microsatellites, for which only 40 cycles were used (increasing the number of cycles often resulted in fuzzy PCR products with those primers). PCR products were checked on 8% polyacrylamide gel followed by ethidium bromide staining and visualized under UV light, whereas the microsatellites were viewed on a Li-Cor model 4000L automatic DNA sequencer.
RESULTS
(a) Checking for contamination
No amplification product was noted both for isolation and for PCR negative controls throughout the whole study (out of a total of 480 DNA isolation and 960 PCR controls). Despite the large number of PCR cycles used Proc. R. Soc. Lond. B (2002) (up to 50), it appears that contamination by external DNA had been efficiently avoided.
(b) Amplification rates
The results for the 10 logs are shown in table 3. Out of a total of 80 separate DNA extracts, 43 (54%) led to DNA amplification with at least some primer pairs (312 successful amplifications out of 960 performed, i.e. 32.5% successful PCRs). A main cause of failure was isolation data problems in cambium, sapwood and transition zone for the logs analysed three weeks to six months after felling. DNA extracts obtained from these logs' regions were dark coloured and showed inhibition of amplification. This involved 22 of the 80 DNA extracts (27.5%). With the exception of two trees, no DNA amplification was obtained from bark extracts. In these two cases (logs 1 and 3), however, different genotypes were found for DNA isolated from bark compared with DNA isolated from other parts of the same logs, using one or both nuclear microsatellites (table 4), indicating contamination in the DNA isolated from the bark. In contrast, 33 of the 43 extracts (77%) that gave some amplification could be genotyped with at least one of the two nuclear microsatellites, and a single genotype was found in the different parts of each log, demonstrating the expected genetic uniformity within a log. Interestingly, for the nuclear microsatellites, only one of the two alleles observed in the cambium Table 3 . Amplification results on oak logs (numbers 1-10).
(Each case gives fragment amplification results for one log region, each number corresponds to one log ('1', good amplification for log '1' region; '-', no amplification; numbers in bold concern contaminations).) Table 4 . Nuclear ('Q119' for ssrQrZAG119, 'Q20' for ssrQrZAG20) and chloroplast (µdt1) microsatellite genotypes obtained for each log region.
(Each allele is coded by one number, and the numbers in bold concern contaminations.) could be amplified in the inner and outer sapwood of log number 10 (the smaller). The chloroplast microsatellite locus had a higher success rate than the nuclear loci (0.50 versus 0.26) but was less variable.
The amplification rates were higher for the outer part of the logs, from cambium to transition zone (excluding those logs where oxidation problems were apparent; see figure 1 ). Moreover, the mean size of fragments amplified from these regions is also greater. Furthermore, higher amplification success rates were obtained for short and/or repeated target sequences. In particular, there is a good relationship between amplification success rate and amplicon size (r 2 = 0.85, excluding the two single-copy nuclear genes; see figure 2 ).
Finally, a great variability of DNA availability is noted among logs that had been conserved in different ways (figure 3). Log numbers 1, 2 and 3 analysed one, three and five weeks after felling could provide information about DNA conservation during the first steps of wood drying. In the heartwood, little DNA degradation was detectable after several weeks but there is significant variability between individual trees. In log numbers 4, 5, 6 and 7, only short fragments could be amplified from heartwood. Log number 8 (kept for 3 years indoors, immediately after felling) yielded much better results with sapwood; longer fragments (1500 bp) could be amplified and oxidation was no longer a problem. Nevertheless, heartwood amplification rates were lower than those obtained with younger logs. In particular, no amplification was obtained on heartwood from logs 9 and 10 (kept 11 years indoors after felling).
DISCUSSION
Working with small amounts of low-quality DNA has forced us to optimize PCR conditions, probably up to the point that a single molecule of target DNA could be amplified. The absence of contamination by external DNA (pollen, foreign DNA molecules) during all laboratory experiments is therefore particularly noteworthy. The set-up of fully dedicated rooms and equipment with all precautions typically found in laboratories dealing with ancient DNA proved very effective. The use of three microsatellites showed that internal contamination (i.e. contamination into the sample structure) had occurred in the bark of two of the 10 trees studied. They also indicated that contamination across samples or contamination by foreign DNA was probably absent from the remaining samples. A limit to the use of the genotyping approach to control for contamination is that most polymorphic markers are single-copy nuclear microsatellites. These sequences cannot be amplified as readily as DNA sequences present in multiple copies, especially with extremely degraded DNA. As very conserved primer pairs were used, this means that contamination by DNA from other plant species had also been avoided. Furthermore, the consistent results obtained in terms of amplification frequency as a function of amplicon size and age of the logs support the claim that the DNA that has been amplified is authentic.
Only surface sample cleaning seems to be problematic, especially if the sample is very porous or presents a complex structure, as in the case of bark (presence of cracks), where pollen grains or sawdust from other oak trees appeared to have remained in some cases.
The DNA obtained from oak wood is clearly degraded. This degradation appears to be gradual during drying, following the felling of the tree, as expected from the limited chemical stability of DNA (Lindhal 1993) . Indeed, while relatively long chloroplast fragments were recovered from fresh sapwood, shorter fragments were obtained from sapwood of logs that had dried outside. In the transition wood, degradation of DNA molecules is more significant and results in shorter fragments for all three genomes. Finally, in heartwood, fragments longer than 380 bp could not be amplified. Differential DNA access in sapwood versus heartwood may be simply explained by the presence of living cells in sapwood that are absent from heartwood. This can be related to the gradual transformation of wood cells during ageing (Fengel 1970) . The trunk of typical dicotyledonous trees such as the oak is composed of differentiated tissues: the bark, a thin cambial layer, the sapwood and the heartwood. Only the cambium is composed exclusively of living cells that actively divide to allow tree growth. The sapwood is composed of both living (ray parenchyma cells) and dead cells (vessels and wood fibres) (Mia 1972; Nobuchi et al. 1987) . All cells in the heartwood are dead, as are those found in the bark. The ultrastructure of ray parenchyma cells is gradually modified at increasing distances from cambium (Frey-Wyssling & Bosshard 1959; Saranpää 1988) and no organelles or nuclei are detectable in the heartwood (Bamber 1976) . Thus, in heartwood, all cells are dead and empty, but short fragments of DNA may nevertheless have remained adsorbed on cell walls (Cano 1996) , as indicated by the encouraging results obtained with DNA isolated from this part of the trunk. However, no DNA could be obtained from the bark, another tissue made up of only dead cells but having a very different structure.
The mode of conservation of wood seems to have a strong effect on subsequent DNA availability, as shown by the results obtained with log 8 (which was stored for 3 years indoors) compared with the logs conserved for only six months outdoors. DNA conservation among logs exposed to outside conditions was also quite heterogeneous, perhaps as a consequence of different microsite conservation conditions. Exposure to water is probably the most destructive force acting on the DNA molecules (Cano 1996) . Logs conserved outdoors are exposed to environmental climatic conditions and as a consequence maintain a relatively high humidity for several months , a situation that will result in increased Proc. R. Soc. Lond. B (2002) DNA damage. Moreover, under these conditions, UV and micro-organisms well known for their effect on DNA molecules may also explain the accelerated rate of decay (Murmanis et al. 1987; Vivas et al. 1997) . Relatively rapid dehydration of tissues (as in the case of wood stored indoors) seems to be the best way to preserve DNA; this factor has been identified as crucial for DNA conservation in fossil materials (Cano 1996) .
Regardless of the conservation process, a major problem encountered during wood DNA studies is the presence of PCR inhibitors. For cambium, sapwood and transition wood, problems appeared during DNA isolation in samples stored a few weeks indoors or several months outdoors (but not for the oldest logs). DNA isolation from these samples produced very dark DNA solutions that gave no amplification. As water-soluble ellagitannins are known to be easily oxidized in solution , this finding could be related to ellagitannin modifications in wood following tissue death. A gradual oxidation of these ellagitannins takes place during the ageing of wood cells, from sapwood to heartwood . It is during heartwood formation, in the transition wood, that most of the insolubilization of those compounds takes place by polymerization and oxidation (Hillis 1968; Masson et al. 1996) . The same phenomenon of ellagitannin insolubilization occurs after felling, during the wood drying process De Simon et al. 1999) . In this way, in recently felled logs, increased amounts of water-soluble ellagitannins are present in cambium, sapwood and transition wood, and could lead to coloration in solution (i.e. in the DNA isolation buffer) and inhibition of PCR. The testing of numerous isolation or purification protocols did not improve these results (Geneclean kit for Ancient DNA, BIO 101; Nucleospin Plant Kit, Macherey-Nagel; Qiamp DNA Stool, Qiagen; Chelex 100, Bio-Rad; QIAquick Spin, Qiagen; Microcon, Amicon).
Independently of the isolation problems, the chance of successful amplification clearly increases as the size of amplicon decreases and the copy number of the target sequence increases. Heterogeneous priming efficiency could in principle alter these relationships. Moreover, copy number effects could be obscured by differential degradation of some genomes or sequences. For instance, it has been reported that mitochondrial DNA is more prone to oxidative lesions than are nuclear sequences (Bohr & Dianov 1999) . Nevertheless, a combination of amplicon size and copy number effects does account for much of the amplification variability in our experiments. With two samples (logs 9 and 10), amplicon size effects were apparent within the same PCR experiment: using nuclear microsatellite ssrQrZAG119, only the shorter allele was amplified in two of three PCRs, a phenomenon well known when working with degraded DNA and called allelic dropout (Taberlet et al. 1996) . Previous studies (e.g. Cano 1996) have also reported that if DNA is degraded, the chance of successful amplification increases if the target gene sequence is present in multiple copies in each cell. Here, better results were obtained with nuclear ribosomal gene 5S, which is highly repeated (350-400 times in Arabidopsis thaliana; see The Arabidopsis Genome Initiative 2000) compared with the two single-copy nuclear microsatellite fragments, despite its greater length.
Chloroplast and mitochondrial genomes are also present in many copies per cell. In wood tissues, the plastids are differentiated in amyloplasts (in living parenchyma cells (Pizzolato 1978) ), which play a major role for starch and lipids storage, and participate in phenol and terpene synthesis (Bamber 1976) . Even if the number of plastids in living parenchyma cells is not as high as the number of chloroplasts in photosynthetic tissues (Mia 1972 ), they will still greatly outnumber single-copy nuclear genes, and will as a consequence be more easily isolated and amplified.
The present results demonstrate the potentialities of genetic analyses on dry wood, as chloroplast, mitochondrial and nuclear DNA sequences could all be recovered through PCR amplification. This is an important finding that could lead to major applications, as it means that the geographical origin or taxonomic status of wood samples may now be checked, provided some surveys and databases are available. In the case of the European white oaks, a very detailed European reference map of chloroplast variants exist, with as many as 2600 forests typed by a consortium of 16 laboratories (Petit et al. , 2002 Dumolin-Lapègue et al. 1997) . The determination of the same variants on wood samples could help confirm the claimed geographical origin of the wood used to age wine by the barrel industry. Taxonomic identification of wood samples, sometimes difficult or costly on the basis of wood anatomy studies alone (Feuillat et al. 1997) , could be enhanced by the analysis of appropriate genetic markers selected from one of the three genomes, for instance ribosomal DNA from the nuclear genome, repeated in many copies and often considered as an excellent tool for taxonomic purposes (Szymanski et al. 1999) . Also, nuclear microsatellites could be used for tracing individual trees, at least when working with relatively fresh wood samples. Finally, as in ancient DNA studies relying on bones, DNA analysis could also be attempted in the case of wood samples uncovered during archaeological or palaeobotanical investigations, if exceptionally well-conserved specimens are found (Golenberg 1991) . Although only results on oak have been presented here, we also obtained encouraging results with beech and pine wood (M.-F. Deguilloux, unpublished data), and we expect that the methods might be adapted to many woody species.
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